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Introduction
Over the past decade, methyl tert-butyl ether (MTBE) groundwater contamination has been recognized worldwide and has received considerable attention in the scientific community (Rosell et al., 2006) . Several highly polluted, gasoline-impacted sites have been described in the United States and Europe (Schmidt et al., 2002; Shih et al., 2004; Moran et al., 2005; Martienssen et al., 2006) . The evaluation of in situ biodegradation is of particular interest, because biodegradation is an effective means of decreasing MTBE concentrations and leads to a sustainable mass reduction of contaminants. For evaluating the fate of MTBE in soils and aquifers, the assessment of in situ degradation is especially important for remediation measures applying monitored natural attenuation.
In recent years, compound-specific stable isotope analysis (CSIA) has become an important tool for performing a qualitative and/or a quantitative assessment of biological contaminant transformation along the flow of groundwater plumes Schmidt et al., 2004) .
Isotope fractionation factors are central for quantifying biodegradation, and understanding the variability of isotope fractionation is important for the application of CSIA approaches. The observed enrichment factors (e) variability for MTBE can be used to distinguish between aerobic and anaerobic biodegradation pathways (Gray et al., 2002; Kuder et al., 2005; Zwank et al., 2005; Somsamak et al., 2006) , understand initial reaction mechanisms [cleavage of the C-H bonds by oxidation, acidic hydrolysis (S N 1) or hydrolysis by (enzymatic) nucleophilic attack (S N 2)] (Elsner et al., , 2007 , or to distinguish between degradation pathways of different aerobic cultures (Rosell et al., 2007; McKelvie et al., 2009) . However, because various pathways use different individual bond cleavage mechanisms during the initial activation steps, the measurement of isotopes for multiple elements [usually using the two-dimensional approach (2D-CSIA), in this case carbon vs. hydrogen], has been proposed as a method to identify reaction mechanisms during organic contaminant degradation Mancini et al., 2008; Vogt et al., 2008; Abe et al., 2009) . In addition, it may be possible to quantify the relative contribution of two pathways to the overall dynamics of a system by analyzing the observed ratio between carbon and hydrogen discrimination (l) (Van Breukelen, 2007) . Currently three general clusters have been identified from in vitro degradation studies with aerobic MTBE-degrading pure cultures with regard to the carbon and hydrogen discrimination pattern described as L: (1) bacteria exhibiting low carbon fractionation such as Aquincola tertiaricarbonaris L108 or Rhodococcus ruber IFP2001 with an e C below À 0.5% and nondetectable hydrogen fractionation where L values cannot be defined; (2) bacteria exhibiting high fractionation such as Methylibium sp. (strains PM1 and R8) with e C and e H ranging from À 2.0% to À 2.4% and from À 33% to À 40%, respectively, yielding L values of approximately 18; and (3) a cluster comprising the recently studied Pseudonocardia tetrahydrofuranoxydans K1 strain, with carbon fractionation patterns similar to the previous group, but with much higher hydrogen fractionation (e H = À 100%), resulting in L values of around 48 (Gray et al., 2002; Rosell et al., 2007; McKelvie et al., 2009 ). These differences led to question whether or not a unique C-H bond oxidation mechanism existed for all aerobic bacteria, although both slopes were still significantly different from the other two mechanisms: S N 1 (abiotic experiment, L = 11) or S N 2 (anaerobic culture, L = 1.2) (Elsner et al., 2007) , and this observation requires additional investigations to be elucidated. Furthermore, a wide variability of enrichment factors and L values has been observed in several mixed cultures from contaminated sites and may suggest the coexistence of different degradation pathways within microbial communities (McKelvie et al., 2009) .
Molecular biology methodologies can be used to explore the diversity of microbial communities. In 1999, the first MTBE-degrading strain, Methylibium petroleiphilum PM1 (Hanson et al., 1999) , was isolated and its genome sequence was presented recently (Hristova et al., 2007; Kane et al., 2007) . Other aerobic MTBE-degrading bacteria including closely related Betaproteobacteria (e.g. A. tertiaricarbonaris L108 or Hydrogenophaga flava ENV 735), as well as Actinobacteria sp. have been isolated (for a review, see Lopes Ferreira et al., 2006) . Moreover, several uncultured members of the Cytophaga-Flexibacter-Bacteroides phylum have been detected frequently in aerobic MTBE-degrading bioreactors (Pruden et al., 2001) . However, at a field site, the simple presence of these microorganisms is not unequivocal proof of their involvement in the biodegradation process.
The most direct link to a molecular function is provided by identification of proteins involved in the metabolic process of interest, as proteins catalyze the biochemical reactions. Furthermore, proteomics may also provide phylogenetic insights, but this is dependent on the availability of metagenomes (VerBerkmoes et al., 2009) . In addition, a protein-based stable isotope probing (Protein-SIP) approach may be used to determine the incorporation of stable isotopes into proteins, providing additional information about the metabolic activity of the various species within a microbial consortium. The incorporation of stable isotopes can be determined by comparing peptides of normal abundance of isotopes with those containing an enrichment of stable isotopes (Jehmlich et al., 2008a) . Protein-SIP enables the detection of enrichment between 2 and 100 atom% in the case of carbon, and is therefore more sensitive than RNA-or DNA-based SIP approaches (Jehmlich et al., 2008a) . Recently, this technique was used to monitor the incorporation of heavy carbon atoms into proteins and facilitated the identification of microbial species involved in the metabolism of toluene, as well as the elucidation of enzymatic pathways in mixed cultures (Jehmlich et al., 2008a, b) . The identification of metabolically active species and carbon fluxes in mixed communities is fundamental to understanding the functional dynamics occurring during fuel oxygenate degradation in the environment.
In this study, we investigated the structure and activity of an uncharacterized enrichment culture capable of MTBE degradation, originally isolated from a gasoline-impacted site in the United States (US3-M). This is the first characterization of an MTBE-degrading community using CSIA to elucidate the degradation mechanism, 16S rRNA genes to describe the diversity of the consortium and Protein-SIP to characterize the functionality of the consortium.
Materials and methods

Chemicals
All chemicals used were either purchased from SigmaAldrich (Munich, Germany) or Merck (Darmstadt, Germany) at analytical-grade quality. MTBE and tert-butyl formate (TBF) were purchased from Sigma-Aldrich and tert-butyl alcohol (TBA) from J.T. Baker (Deventer, the Netherlands), all of them at Z99% purity. Completely 13 C-labelled MTBE (tert-butyl-methyl-ether-13 C 5 ) was obtained from Campro Scientific GmbH (Berlin, Germany) at 4 99% atom 13 C purity.
Enrichment culture and growth conditions
The mixed culture (US3-M) was enriched from a groundwater sample of a gasoline-impacted site in the United States that contained MTBE, TBA and TBF at high concentrations (19, 0.7 and 0.6 mg L À1 , respectively) (Babé et al., 2007) . A liquid enrichment culture growing on MTBE was kindly provided by F. Fayolle-Guichard (Institut Français du Pétrole, IFP, France) and it was continuously cultured and transferred (up to four times) in glass serum bottles filled with about 25% v/v mineral salt medium and air as the head space to ensure the maintenance of oxic conditions. MTBE was added as the sole source of carbon and energy to a final concentration of around 200 mg L À1 as described previously (Rohwerder et al., 2006) . For each transfer, an inoculum of 10-25% v/v was injected into fresh medium and the bottles were incubated on a rotary shaker at 30 1C. A negative control without inoculum was incubated under identical conditions in each transfer series in order to check for contamination or substrate loss due to volatilization. For isotope fractionation studies, two independent experiments with two replicates each were set up in 240-mL serum bottles and 3.5-mL aliquots were removed with a syringe at each sampling as described elsewhere (Rosell et al., 2007) . For Protein-SIP experiments, the cultivation was performed in eight parallel 60-mL serum bottles with the same US-3 inoculum: four spiked with 13 C-labelled MTBE, and the other four with MTBE of natural isotope abundance, plus one negative control, all of them at about 250 mg L À1 . The cultures were sacrificed at different periods of time and the residual culture volume after two samplings (for concentration, OD and pH measurements) was used for protein extraction. During the five days of incubation, the MTBE concentration remained constant in the negative control (recovery 100%). Samples for DNA extraction and further 16S rRNA gene clone libraries were taken immediately after inoculating fresh cultures to characterize the microbial community structure at time zero for the experiment. Because this culture came from several transfers with MTBE as the sole carbon source, it is representative of an MTBE-degrading community. Proteins were extracted for Protein-SIP analysis of the microbial consortia after 25% and 100% of the MTBE was degraded, and the labelling of the proteins was used to trace carbon flux through the system.
Analytical methods
Monitoring of concentrations (residual MTBE and degradation products) was performed using a Headspace-Gas Chromatography-Flame Ionization Detector (HS-GC-FID) as described elsewhere (Rosell et al., 2007) . OD 600 nm and pH were also measured during the degradation studies. A certain decrease of pH is typically observed along MTBE degradation for all tested MTBE degraders (data not shown), even when the media are phosphate buffered, probably due to the formation of CO 2 and/or acidic intermediates. This decrease was controlled in order to avoid pH o 5, but pH decrease was used as a fast and simple indicator of the degradation activity. Stable isotope composition was determined using a gas chromatography-combustion-isotope ratio monitoring mass spectrometry system (GC-C-IRM-MS). The system consisted of a GC (6890 series; Agilent Technology) coupled with a combustion or a high-temperature pyrolysis interface (GC-combustion III or GC/C-III/TC; ThermoFinnigan, Bremen, Germany) to a MAT 252 IRMS for the carbon, and to a MAT 253 IRMS for hydrogen analysis (both from ThermoFinnigan). A Zebron ZB1 column (60 m length Â 0.32 mm ID, 1 mm film thickness; Phenomenex, Aschaffenburg, Germany) was used for separation. Each sample was analyzed via headspace sampling in triplicate. 
Stable isotope calculations and definitions
where R sample and R reference are the ratios of the heavy isotope to the light isotope ( 13 C/ 12 C or D/H) in the sample and the international standard, respectively. A simplified Rayleigh equation (Rayleigh, 1896) for a closed system (Mariotti et al., 1981) was used to quantify the isotope fractionation:
where the isotopic enrichment factor (e) describes the relationship between changes in isotope composition R t / R 0 = (d t 11000)/(d 0 11000) and the concentrations during the course of the experiment [Eqn. (2)]. When the e was expressed as a reactive position, each data set was calculated according to Elsner et al. (2005) :
For carbon, the measured Dd 13 C bulk was converted into the change in the isotopic composition of the reactive position Dd 13 C reactive position by considering the number of atoms (n) of the determined element that are present in the molecule divided by the number of atoms (x) that are located at the reactive site.
For the calculation of the apparent kinetic isotope effects (AKIE), intramolecular isotopic competition was considered using the following equation:
where z is the number of atoms located at the reactive site in identical positions that lead to intramolecular competition. Assuming oxic conditions, all reported e-reactive position and AKIE values were determined according to the methyl group oxidation reaction, meaning n/x = 5/1, z = 1 for carbon and n/x = 12/3, z = 3 for hydrogen.
Two-dimensional isotope analysis (2D-CSIA) was applied for the data sets. To correct for differences in the initial isotopic composition (d 13 C 0 and d 2 H 0 ) of MTBE, isotopic shifts for hydrogen (Dd 2 H) and carbon (Dd 13 C) were calculated by subtracting the isotopic signature at time t from the initial value (Dd = d t À d 0 ). The slope of a linear regression of Dd 2 H vs. Dd 13 C describes the relationship between carbon and hydrogen fractionation (L), and was determined in order to identify the dominant MTBE reaction mechanism in the culture:
The ratio of two competing degradation pathways or reaction mechanisms, F (expressed as a percentage), has been calculated according to extended Rayleigh-type equations by Van Breukelen (2007) .
In these equations, the e A is the apparent isotopic enrichment factor as observed for a mixed culture during the overall degradation process. In Eqn. (6), F is calculated by one element isotopic enrichment factor (e 1 and e 2 for each potential degradation reaction mechanism taking place at the same time), whereas in Eqn. (7), the 2D-CSIA approach is evaluated; therefore, the respective e C , e H for each selected mechanism and the observed L for the mixed culture are required.
Each sample was measured in triplicate and all linear regression parameters including the 95% confidence intervals (CI) were obtained by the function 'Linear Fit' using errors (SD of measured data sets or corresponding propagated errors in both axes) as weight in ORIGINPRO s 7.5.
Sample preparation for two-dimensional electrophoresis (2-DE)
After cultivation, cells were harvested by centrifugation for 10 min at 15 710 g, treated with the protease inhibitor PMSF, lysed and processed as described previously (Benndorf et al., 2007) . For 2-DE, up to 200 mg of protein was precipitated with fivefold ice-cold acetone and the resulting protein pellet was air-dried and dissolved in DeStreak rehydration solution with 0.5% IPG [immobilized pH gradient, pH 3-10, nonlinear (NL) buffer (v/v) (GE Healthcare, Uppsala, Sweden)]. In order to remove precipitates, the solution was centrifuged for 30 min at 15 710 g. The equilibration was performed with 135 mL of supernatant loading onto a 7-cm Immobiline DryStrip, pH 3-10 NL (GE Healthcare). First-dimension and second-dimension sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) was performed as described by Jehmlich et al. (2008b) . Gels were stained with Coomassie brilliant blue (CBB) G-250 (Roth, Kassel, Germany).
Matrix-assisted laser desorption/ionization (MALDI) and linear trap quadrupole (LTQ)-Orbitrap MS
The 50 most intensive spots were cut, destained and proteolytically digested overnight at 37 1C using trypsin (Sigma-Aldrich) according to Jehmlich et al. (2008a) . The peptide mixture was extracted twice using 100% acetonitrile and subsequently concentrated by vacuum centrifugation for 15 min. Thereafter, tryptic peptides were acidified by adding 0.1% trifluoroacetic acid (TFA) (v/v) in ultrapure water and analyzed by MALDI-MS (ultraflex III tandem time-of-flight, TOF/TOF, mass spectrometer, Bruker Daltonics, Bremen, Germany). The measurements were performed in the positive-ion reflector mode with an external peptide calibration standard provided by the manufacturer. All samples were prepared on multitarget ground steel plates using an a-cyano-4-hydroxycinnamic acid matrix dissolved in acetonitrile : TFA (50%/0.1% v/v). Peak selection was defined to use m/z from 800 to 3500 Da for evaluation and processing. Peak detections were calculated using the software tool FLEXANALYSIS (v3.0, Bruker Daltonics) with smoothing and baseline subtraction. Peptide identification was achieved by database comparisons (NCBInr_20090220.fasta database, taxonomy of all bacteria entries) using BIOTOOLS (v3.0 Bruker Daltonics) in conjunction with MASCOT v2.2.04 (Matrix Science, London, UK). A tolerance of 100 p.p.m. was used for the precursor mass and 0.8 Da for MS/MS fragments. Furthermore, trypsin was selected as the enzyme to be considered for up to one missed cleavage site, and variable protein modifications were allowed such as methionine oxidation and carbamidomethylation of cysteine. In order to improve the identification rates, a subset of spots that could not be identified by MALDI-MS analysis was subjected to LTQ-Orbitrap MS analysis, as described below. For LTQ-Orbitrap analysis, peptides were reconstituted in 0.1% formic acid. Samples were injected using an autosampler and concentrated on a trapping column (nanoAcquity UPLC column, C18, 180 mm Â 2 cm, 5 mm, Waters) with water containing 0.1% formic acid at flow rates of 15 mL min
À1
. After 4 min, the peptides were eluted into a separation column (nanoAcquity UPLC column, C18, 75 mm Â 25 cm, 1.75 mm, Waters). Chromatography was performed with 0.1% formic acid in solvent A (100% water) and B (100% acetonitrile), with peptides eluted over 16 min with a 20-80% solvent B gradient using a nano-HPLC system (nanoAcquity, Waters) coupled to an LTQ-Orbitrap mass spectrometer (Thermo Fisher Scientific). For an unbiased analysis, continuous scanning of eluted peptide ions was carried out at ranges between 300 and 2000 m/z, automatically switching to the MS/MS collision-induced dissociation (CID) mode on ions exceeding an intensity of 3000. For MS/MS CID measurements, a dynamic precursor exclusion of 3 min was enabled.
Raw data were applied to a database search using the Thermo PROTEOME DISCOVERER software (v1.0 build 43) to carry out a tandem ion search algorithm from the MASCOT house server (v2.2.1) by database comparison against all bacteria entries in the National Center for Biotechnology Information (NCBInr database 2009-10-17) with a 10 p.p.m. tolerance for the precursor and 0.8 Da for MS 2 fragments. Furthermore, trypsin with a maximum of two missed cleavage sites was selected and variable modifications, such as methionine oxidation and carbamidomethylation of cysteine, were allowed. Peptides were considered to be identified by MASCOT when a probability o 0.05 (probability-based ion scores threshold 4 40) was achieved. Protein identification was positive when at least two peptides were identified.
Because of a peptide's versatile amino acid composition, the mass difference between light and heavy isotopomers corresponds to the extent to which stable isotope incorporation has taken place.
For the calculation of 13 C-incorporation, we used the definition given by Snijders et al. (2006) . There, the incorporation was calculated based on a comparison between theoretical and experimental spectra, and the minimum mean square error (MSE) (also called the sum of the square of the deviations) approach. The incorporation was then determined at the range where the error was at a minimum. A PERL script provided in the Supporting Information by Choudhary et al. (2006) was applied for the MSE approach and can be downloaded from the website of the Helmholtz Centre for Environmental Research -UFZ, Department of Proteomics (http://www.ufz.de/index.php?en=15624).
DNA extraction and PCR
DNA was extracted from 2 mL of inoculum using the Fast DNA Kit (Qbiogen, Carlsbad, CA) according to the manufacturer's protocol. Purified genomic DNA (100 ng) was used as a template for the partial amplification of 16S rRNA genes by PCR using HotStarTaq DNA polymerase with a supplied buffer (Qiagen, Hilden, Germany) and the universal 16S rRNA gene primers 27f (Lane et al., 1985) and 1378r (Heuer et al., 1997) Cloning, sequencing and phylogenetic analysis PCR products were purified using the PCR Purification Kit (Qiagen) according to the manufacturer's protocol. Cloning was achieved using the pGEM-TEasyTM Kit (Promega, Madison, WI), followed by transformation into competent Escherichia coli JM109 cells (according to the kit directions). Recombinant plasmid extraction and amplification using M13( À 20) and M13rev primers (Stratagene, La Jolla, CA) was performed as described previously (Nikolausz et al., 2004) . The PCR products of the 80 selected clones were separately digested with 1 U of the tetrameric site restriction endonuclease Hin6I and BsuRI (Fermentas, St. Leon-Rot, Germany). Clones with the same pattern with both enzymes were grouped into an operating taxonomic unit (OTU) (Massol-Deyá et al., 1995) .
PCR products were purified using the PCR Purification Kit (Qiagen) before sequencing. Twenty-six OTUs were sequenced using the Big Dye Terminator Cycle Sequencing Kit (Applied Biosystems, Foster City, CA) according to the manufacturer's protocol, and sequencing was carried out in an ABI PRISM 3100 DNA analyzer (Applied Biosystems).
The 16S rRNA gene sequences of each group were first compared with those of isolate strains present in the RDP (release 10, http://rdp.cme.msu.edu/) database (Cole et al., 2009) . The sequences from the library were aligned using CLUSTALW (EMBL-EBI Center for Research and Services in Bioinformatics; http://www.ebi.ac.uk/clustal/index.html), and the phylogenetic tree was constructed using the neighbor-joining (CHECKMaximum Composite Likelihood) method with the MEGA package. Bootstrapping (1000 times) was performed to estimate the confidence levels for the tree nodes. Trees were rooted using Methanococcus jannaschii (accession number M59126).
Nucleotide sequences for clones obtained in this study have been deposited in the EMBL Nucleotide Sequence Database under accession numbers from FN396932-FN396956 and FN600121.
Results
MTBE biodegradability and CSIA
The OD 600 nm increased from values between 0.02 and 0.05 at the beginning of the experiments to a final range between 0.13 and 0.17, confirming the growth of all the cultures on MTBE. The pH decreased from neutral values to minimums around 6.3 along MTBE degradation, which was not harmful for the growth of the culture. US3-M demonstrated efficient biodegradation of MTBE and the consortium required about 4-10 days to degrade approximately 200 mg L À1 of MTBE, after a variable lag phase (for example see Fig. 1 ). The main MTBE metabolite, TBA, was detected as an intermediate in some cases, but never accumulated as MTBE was consumed (data not shown). Furthermore, the MTBE concentrations remained constant in abiotic-negative controls and no degradation products were detected. Carbon and hydrogen isotopic fractionation during aerobic degradation of MTBE by US3-M was investigated in two independent experiments with two replicates each. Isotope enrichment factors of individual batch experiments were similar (Table 1) . Consistent 13 C enrichment during MTBE degradation was observed with an average e C of À 2.29 AE 0.03% (R 2 = 0.9991) calculated according to the Rayleigh model after 99.5% of the MTBE was degraded [Eqn. (2)]. The mean hydrogen isotope enrichment factor (e H ) was equal to À 58 AE 6% after 92% of the MTBE was degraded (see Fig. 1 ). In the case of hydrogen, a slightly lower correlation factor of R 2 = 0.96 was observed for the combined data plot than for the individual bottles (both R 2 = 0.98); however, the overall variability was not significantly different (see 95% CI).
The mean slope for the 2D plot (Dd 2 H/Dd 13 C) of the combined replicates was L = 24 AE 2 with an R 2 = 0.97 (Fig. 2) . Position-specific enrichment factors and AKIE values for carbon and hydrogen were also calculated, assuming the oxidative mechanism of MTBE degradation, to obtain more information about the degradation mechanism in the US3-M culture (Table 1) .
Bacterial community structure
Based on ARDRA patterns, 26 of 80 clones were selected for sequencing. The US3-M phylogenetic tree based on 16S rRNA partial gene sequences allowed us to cluster isolated strains present in the enrichment (Fig. 3) . It was observed that the majority of microorganisms belonged to the Alphaand Betaproteobacteria, representing 20.3% and 36.6% of identified OTUs, respectively (Table 2) . A Deltaproteobacteria clone was also identified, with the highest similarity to Desulfobacterium catecholicum (5.4% of the OTUs). Within the Betaproteobacteria cluster, clones were affiliated with the Comamonadaceae family. Clone 27 (6.8% of the OTUs) showed a high similarity to Hydrogenophaga sp. Clone 2 showed high similarity to M. petroleiphilum PM1 (Fig. 3) . This clone represented the most abundant OTUs (19.0%) ( After MTBE degradation, cells were harvested and proteins were extracted. Subsequently, the proteins were analyzed by MS after 2-DE separation. Thirty-three out of 50 gel spots could be identified after nearly 100% MTBE degradation, and the results yielded 27 different unambiguous protein identifications (Fig. 4, Table 3 ). The incorporation of 13 C atoms into the proteins did not result in significant changes in the spot patterns on 2-DE gels compared with the unlabelled 12 C experiments (Fig. 4) . Therefore, corresponding spots from labelled and unlabelled replicates could be easily identified and analyzed. The protein identification was performed using spots from 12 C samples, because isotope patterns from labelled proteins hamper the use of the MASCOT database (Jehmlich et al., 2008a) . The majority of identified proteins were related to M. petroleiphilum PM1 and different species of the Comamonadaceae family (Table 3) .
The incorporation of 13 C atoms was calculated by comparing peptide mass fingerprint spectra from labelled and unlabelled samples using a root mean square approach. The average 13 C-incorporation into M. petroleiphilum PM1-related proteins after complete MTBE degradation was 94.5 atom% (Table 4) , while the rest of the identified proteins were not 13 C enriched. Table 4 shows a detailed analysis of the 13 C enrichment into different peptides for several M. petroleiphilum PM1-related proteins at complete MTBE degradation. No significant differences were observed in the enrichment of M. petroleiphilum PM1-related proteins after 25% of the MTBE was degraded (94.6 atom% AE 0.4) in comparison with proteins after roughly 100% degradation (94.5 atom% AE 0.3). This suggests that MTBE metabolism occurred relatively quickly in this enrichment. The expression pattern detected by 2DE for both time points was identical (data not shown).
Discussion
Biodegradation of MTBE by US3-M Carbon and hydrogen isotope fractionation (CSIA) during aerobic biodegradation of MTBE by US3-M was used as an indicator for biodegradation and to determine the dominant initial reaction mechanism. By comparing our results with previously published MTBE enrichment factors as shown in Table 1 , we conclude that the carbon fractionation of the US3-M enrichment culture is most similar to the pure strains PM1 and R8, the Methylibium sp. and the recently studied P. tetrahydrofuranoxydans K1. However, the mean hydrogen enrichment factor (mean e H = À 58%) for the US3-M enrichment was significantly higher than the Methylibium sp. bacteria (e H from À 33% to À 40%) (Gray et al., 2002) and could indicate the presence of other species that use a pathway similar to P. tetrahydrofuranoxydans K1 (e H = À 100%) (McKelvie et al., 2009) . Pseudonocardia tetrahydrofuranoxydans K1 seems to use a different initial reaction mechanism for MTBE degradation than Methylibium sp., based on CSIA analysis. As suggested by McKelvie et al. (2009) , the variability in hydrogen enrichment factors (from À 29% to À 66%) found within MTBE-degrading microcosms from Vandenberg Air Force Base (VAFB) (Gray et al., 2002) could arise from the relative abundance of individual species in the microbial populations of different enrichment cultures. The relative contribution of two types of species with different reaction mechanisms (ratio F) can be calculated according to the extended Rayleigh-type equations suggested by van Breukelen (2007) . If the observed mean hydrogen enrichment factor for US3-M (e HA = À 58%) was a result of the competition between P. tetrahydrofuranoxydans K1 and M. petroleiphilum PM1 reaction mechanisms, applying [Eqn. (6) ] to the calculation and considering e H1 (P. tetrahydrofuranoxydans K1) = À 100 and e H2 (M. petroleiphilum PM1) = À 35% as variables, the contribution of P. tetrahydrofuranoxydans K1-type species or related enzymatic mechanisms to the overall MTBE degradation process would be approximately 35%. (Rosell et al., 2007) . For strain R8, the slope was recalculated from the original data (Rosell et al., 2007) according to the discrimination graph Dd In contrast to VAFB microcosms, US3-M cultures did not show enrichment factor variability among batch experiments and the e C was higher (À 2.29 AE 0.03%) compared with previously characterized mixed cultures (ranging from À 1.4% to À 1.97%) (Hunkeler et al., 2001; Gray et al., 2002; Lesser et al., 2008) . This fact would make it unlikely that bacteria exhibiting low carbon fractionation, such as A. tertiaricarbonaris L108 or R. ruber IFP2001, play a significant role in MTBE biodegradation in the complex US3-M enrichment culture. In addition, plots of carbon and hydrogen discrimination (Dd 2 H/Dd 13 C) were linear and, although slightly higher, the mean slope L = 24 AE 2 is most closely related to the degradation pathway of the M. petroleiphilum PM1 reaction mechanism (L = 18 AE 3). Again, using [Eqn. (7)], the contribution of P. tetrahydrofuranoxydans K1-type species or related enzymatic mechanisms now based on the obtained mean slope L = 24 was reduced to 28%. This observation, in addition to the fact that M. petroleiphilum PM1-related proteins were dominant and highly enriched in 13 C, supports the hypothesis that an M. petroleiphilum PM1-like reaction mechanism plays a principal role in this system.
In addition, carbon and hydrogen position-specific enrichment factors and AKIE values, assuming the oxidative mechanism of MTBE degradation for the US3-M culture, were also calculated (mean AKIE C = 1.0115 AE 0.0001 and AKIE H = 2.64 AE 0.02) and fit into the expected range for oxidation of a C-H bond in the methyl group of MTBE: AKIE C (1.01-1.03) and AKIE H (2-50) values, respectively (Elsner et al., , 2007 .
Relation between microbial diversity and MTBE degradation
Alpha-and Gammaproteobacteria represented nearly 25% of the identified OTUs. Members of these groups have been identified in BTEX-and MTBE-contaminated aquifers (Feris et al., 2004; Cho et al., 2005) , as well as some Nocardioides sp. (Yoon et al., 2004; Harwati et al., 2007) . However, Betaproteobacteria were the most abundant among the species identified. Specifically, the Betaproteobacteria and Hydrogenophaga sp. (99% identity) have been reported to have a slow growth rate on MTBE, when supplied as the sole carbon and energy source (Hatzinger et al., 2001) . In fact, this slow growth rate or the dominance of faster-growing M. petroleiphilum PM1 could have led to an underestimation of these species using protein detection methods as their total biomass could have been present at low levels in the consortium. The hydrogen fractionation by Hydrogenophaga sp. is unknown, but it could explain the differences between our values and those proposed for other well-known MTBE-degrading species as suggested above. Within the Comamonadaceae, M. petroleiphilum PM1 rapidly degrades MTBE to CO 2 using the compound as a sole source of carbon and energy (Hanson et al., 1999) . Clone 2, related to M. petroleiphilum PM1, was the dominant OTU and could be highly involved in the MTBE degradation, as indicated by CSIA and Protein-SIP approaches.
Genomic information indicated that the microbial community of the US3-M culture contains bacteria with the potential to degrade MTBE. However, the involvement of individual species in the overall metabolic activity of this culture still needs to be elucidated, and Protein-SIP studies can offer functional and phylogenetic information along these lines (Jehmlich et al., 2008a, b) . The analysis based on 2-DE indicated that the proteins identified are most closely related to M. petroleiphilum PM1, a completely sequenced MTBE-degrading strain. These results suggest a key role of M. petroleiphilum PM1 or related species within the microbial community of US3-M and further support our results from the CSIA analysis that suggest a dominant role for the M. petroleiphilum PM1-type degradation mechanism. Several proteins involved in the MTBE degradation pathways were detected. Kane et al. (2007) analyzed the transcriptome of M. petroleiphilum PM1 and indicated that critical MTBE/TBA degradation genes are located on the M. petroleiphilum PM1 plasmid, these genes being designed as mdp for the MTBE degradation pathway . The identification of the dominant proteins expressed by M. petroleiphilum PM1 in US3-M is closely related to the expression patterns established by Hristova et al. (2007) when this strain is growing on MTBE as the sole carbon source (Hristova et al., 2007) . It was reported that some genes of the MTBE degradation regulon (mpeB0532, C peptides, peptide sequence, elemental composition, peptide incorporation (PepI), average protein incorporation (API) and protein SD incorporation. Spot label column refers to the number of each spot used to determine the calculation in Fig. 4b. mpeB0533, mpeB0534, mpeB0535 and mpeB0551) are upregulated during growth on MTBE. For the first time, these high expression levels and the identification of the hypothetical proteins Mpe_B0532, Mpe_B0533, Mpe_B0534 and Mpe_B551 in the proteome of the US3-M culture could have been shown here, suggesting that these proteins are indeed involved in the degradation of MTBE.
TBA is the major MTBE degradation product. Based on molecular and protein homology studies, Hristova et al. (2007) proposed that a new Rieske nonheme iron subunit (mdpJ) of a multicomponent enzyme system is involved in TBA oxidation in M. petroleiphilum PM1 (Hristova et al., 2007) . A detailed sequence analysis of different mdpJ gene domains indicated that MdpJ belongs to a group of phthalate dioxygenases (Hristova et al., 2007) that has been identified in the proteome of the US3-M culture (Table 3) and that oxidizes the methyl group of TBA (Schafer et al., 2007) . In addition, a hypothetical protein related to a ferredoxin reductase component of TBA hydroxylase (MdpK) was identified in this study.
In US3-M, the average incorporation of 13 C into peptides from M. petroleiphilum PM1-related proteins was 94.51 atom%, indicating the efficient use of 13 C-MTBE as a carbon source during metabolization. Jehmlich et al. (2008a) studied the degradation of 13 C-benzene in pure cultures of Pseudomonas putida ML2 and reported 13 Cincorporation levels of 97.3-98.5%, a nearly complete labelling during degradation, demonstrating that the ML2 strain grew exclusively on the labelled substrate. In the present study, the competition between different species within the consortia cannot be ruled out, as certain complexity was revealed in US3-M by 16S rRNA gene clone libraries and the 2D isotope analysis showed a slope that was not identical to any slope for known isolates.
Interestingly, no isotopic enrichment was found in non-M. petroleiphilum PM1 identified proteins, even after 5 days of MTBE degradation. Nonlabelled proteins imply that some organisms are using other carbon sources, probably detritus from dead biomass that was transferred upon inoculation. The phylogenetic information provided from peptide sequences of non-M. petroleiphilum PM1-related proteins indicated that they are conserved in different chemoorganotrophic Comamonadaceae sp., specifically Delftia acidovorans, Acidovorax or Comamonas sp. Actually, one clone was highly related to this Comamonadaceae branch of the phylogenetic tree based on 16S rRNA gene analysis (Fig. 3) . Furthermore, our results suggest that even when M. petroleiphilum PM1-related strains are dominant during MTBE degradation from the beginning, no significant cross-feeding appears to be present for members of the Comamonadacea.
The use of a combined multidisciplinary approach including isotopic analysis of MTBE degradation, molecular biology and Protein-SIP allowed us to garner a more comprehensive understanding of MTBE degradation in this system. Although the overall involvement of other species in the MTBE-degradation process cannot be ruled out, our results from carbon and hydrogen discrimination (Dd 2 H/ Dd 13 C) and Protein-SIP strongly support the notion that M. petroleiphilum PM1 plays a key role in the consortium investigated here and is primarily responsible for MTBE biodegradation in this system.
